Abstract: A microring-based silicon modulator operating at 40 Gb/s near 1310 nm is demonstrated for the first time to our knowledge. NRZ-OOK signals at 40 Gb/s with 6.2 dB extinction ratio are observed by applying a 4.8 Vpp driving voltage and biasing the modulator at 7 dB insertion loss point. The energy efficiency is 115 fJ/bit. The transmission performance of 40 Gb/s NRZ-OOK through 40 km of standard single mode fiber without dispersion compensation is also investigated. We show that the link suffers negligible dispersion penalty. This makes the modulator a potential candidate for metro network applications.
Introduction
Silicon photonics offers a promising solution to meet the ever-growing bandwidth requirements of chip-to-chip, data center, and telecom applications. Silicon microring modulators have attracted extensive research interest in recent years [1] [2] [3] [4] . The microring modulator is known to exhibit low switching power [5] , small footprint, high-speed operation [6] , and can easily scale into WDM systems [7, 8] . Conventionally, C-band (centered at 1550 nm) modulators have received the most research attention because of the lower loss, reduced four-wave-mixing effects and longer unrepeated transmission distances in C-band network. However, at 1550 nm standard single mode fibers (SSMF) exhibit strong chromatic dispersion (CD) [9] , therefore high data rate (25 Gb/s and higher) direct-detected on-off keying (OOK) transmission is limited to short distance links [10] if not equipped with CD controls. On the other hand, SMF exhibits minimal dispersion in the O-band (centered at 1310 nm), offering the promise of significantly extending the reach without requiring CD compensation. It should be noted that since fiber losses and nonlinear effects are stronger in O-band, they will limit the optical power (particular for WDM systems) and the attainable reach. That being said, a 40 km 8 × 40Gb/s NRZ-OOK WDM system has been demonstrated [11] . We have demonstrated a traveling wave Mach-Zehnder modulator working near 1300nm recently [12] .
In this paper, we report the first silicon microring modulator to operate at 40 Gb/s near 1310 nm. The modulator utilizes an asymmetrical p-n junction phase shifter [13] and has a Qfactor of 3,500. Using a 4.8 Vpp driving voltage, the modulator achieves 6.2 dB extinction ratio (ER) at 40 Gb/s with an insertion loss of 7 dB. We transmitted 40 Gb/s NRZ-OOK signal through 40km SSMF with negligible degradation, showing that the device is suitable for high-throughput O-band OOK metro networks. The modulator also has a built-in thermal tuner for future scaling into WDM systems. The microring modulator is implemented on an 8 inches silicon-on-insulator (SOI) wafer, with 220 nm thick top silicon, 2 μm thick buried oxide and high-resistivity (750 Ω·cm) substrate. The fabrication took place at the Institute of Microelectronics (IME), A*STAR, Singapore, through the OpSIS MPW run [14] . The O-band grating coupler (GC) from the OpSIS PDK is utilized for optical IO. The layout and the photograph of the modulator are shown in Fig. 1 . The structure of the modulator reported here is similar to the ones in [8] , but with a few differences in the detailed dimensions for operating in the O-band. The strip-loaded waveguide is scaled to 420nm width, 90 nm slab to guide primarily the fundamental TE0 mode and provide better optical confinement. The directional coupler has an increased separation of 0.24 µm and an extended 2 µm length for critical coupling. The microring modulator is 15 μm in diameter, resulting in a free spectral range (FSR) of 9.2 nm. Approximately 75% of the microring is p-n doped as the high-speed phase shifter. The coupling region is n-doped by implantation the waveguide and slab, forming a resistor of ~1.2 kΩ for thermal tuning. Both phase shifter and thermal tuner are electrically connected to the 60 μm × 60 μm aluminum pads through 2-layer backend metallization. The cross section of the phase shifter is illustrated in Fig. 2 . A lateral p-n junction is formed on the waveguide at doping levels near 2 × 10 18 cm −3 , with its center shifted from the center of the waveguide to provide an optimal free carriers overlapping with the optical mode profile. The operating speed of the modulator is limited by the charging time of the p-n junction, and the photon lifetime in the resonating structure, which will be discussed in the later sections. Polarization maintaining fiber (PMF) is epoxy attached onto the silicon chip for stable optical coupling throughout the test. The modulator has 25 dB extinction ratio (ER) and ~2 dB on-chip loss, as shown in Fig. 3(a) . The on-chip propagation loss is ~1 dB, and the insertion loss of the modulator is ~1 dB, which is caused by the single-pass loss of the microring resonator, i.e., the scattering and absorption loss from the doped coupling region. The full width at half maximum (FWHM) near 1314 nm is 0.372 nm (65GHz), corresponding to a Q-factor is ~3,500. The optical modulation bandwidth can be calculated as The electrical portion of the modulator can be modeled as a one-port RC circuit [2] . As shown in Fig. 4(a) , the circuit model consists of the pad capacitance C pad , the p-n junction capacitance C j , and the series resistance R s from the pad to the junction. Parasitics relating to high-resistivity substrate and thick buried oxide layer are estimated insignificant and are not considered here. By fitting the model to measure the reflection coefficient (S11) at 0V bias, the extracted C pad, C j , R s are 6 fF, 30 fF, 70 Ω, as shown in Fig. 4(b) . Taking into account the 50 Ω impedance of a RF source, the RC bandwidth RC f is 43 GHz. Combining with the optical modulation bandwidth, the overall modulation bandwidth is
[16], sufficient to support 40 Gb/s operation.
40 Gb/s, 40 km O-band OOK link
If the modulator were used in a high-speed link, both on-chip waveguides and fiber would, in principle, contribute to the dispersion. However, compared to a few millimeter in length waveguide, the dispersion due to the 40 km fiber dominates the loss [17] . The dispersion characteristics of the fiber spool used in the later section (40 km SSMF) is estimated as follows. The test setup used to characterize the fiber dispersion is illustrated in Fig. 5(a) . A tunable CW laser output at 6 dBm is modulated by 10 Gb/s NRZ repeated 0101 sequence through a commercial LiNbO 3 modulator. The modulated optical signal is amplified by a praseodymium-doped fiber amplifier (PDFA), transmitted through 40 km fiber, and then picked up by a high-speed receiver of −10 dBm P avg sensitivity. By varying the laser wavelength, i.e., the group velocity through the fiber, the delay time would be different, and the detected waveform would shift back and forth on the digital serial analyzer (DSA), which is illustrated in Fig. 5(b) . The relation between delay time and the wavelength is established by tracking the time stamp of rising edges, as indicated by arrows in Fig. 5(b) , and is further converted into group index (N g ) difference, as shown in Fig. 5(c) . The fiber has a group delay minima, i.e. a zero-dispersion wavelength (λ 0 ), between 1310 nm and 1315 nm. The fiber dispersion coefficient can be approximated by We then set up a 40 Gb/s O-band OOK link with the microring modulator and SSMF discussed above. The data link is sketched in Fig. 6(a) . The tunable CW laser output is modulated by the microring modulator. The 40 Gb/s test pattern is generated from 4 × 10 Gb/s PRBS31 pulse pattern generators (PPG) and a 4:1 multiplexer (MUX). The pattern is then amplified to 4.8 V pp and drives the microring modulator through a bias-tee and a special RF probe. The probe has 50 Ω shunt resistor at the tips to suppress the back-reflection, which could damage the driver amplifier (It is worth noting that, in this special case, due to the additional resistor loaded by the modulator, the aforementioned RC bandwidth RC f is no longer 43GHz. The actual bandwidth will depend on the additional resistor and its parasitics). To overcome the large coupling loss, the 40 Gb/s link employs an additional optical amplification stage, a semiconductor optical amplifier (SOA) followed by a tunable silicon microring filter. The silicon microring filter is implemented in the same process, and 50% of the microring is n-doped as a 1.5 kΩ thermal tuner, as shown in Fig. 6 (b) and 6(c). It has 9.3 nm FSR and 0.997 nm (174 GHz) FWHM at drop port, sufficient to pass 40 Gb/s signal while stopping the out-of-band ASE noise from the SOA. The thermal tunability is measured to be 0.24 nm/mW (i.e., 39 mW per FSR). The SOA's output is, at first, fed into an optical sampling module during the initialization process of the microring modulator.
In the measurement, the wavelength is initially set to a −6 dB insertion loss point [18] near λ 0 . The junction bias and laser wavelength are then optimized to achieve the best ER with decent eye diagram symmetry. The optimized junction bias and wavelength is −2.6 V and 1314.852 nm. The insertion loss is −7 dB. The optical eye diagram with 6.2 dB ER is shown in Fig. 7(a) . Combined with the measured C j of 20 fF near −2.6 V bias, the dynamic energy consumption of the modulator can be calculated to be 115 fJ/bit using C j V pp 2 /4 [19] . The SOA's output is then fed into the filter, and the drop port is thermally aligned to the previous optimized wavelength by measuring its optical power with a power meter. The filtered signal is amplified by the PDFA and propagates through 0 km, 20 km and 40 km SSMF to the receiver. The PDFA is adjusted to maintain roughly a −3.8 dBm P avg into the receiver. Measured electrical eye diagrams are shown in Fig. 7 Such small jitter degradation can be explained as followed: The laser is operated at 1314.852 nm, 2.3 nm away from λ 0 . By approximating the signal spectrum width to 80 GHz (0.46 nm), to the first order of approximation, the CD through 40 km SSMF can be estimated as 0.46 nm × 40 km × D λ = 3.7 ps, where D λ (λ = 1315 nm) = 0.2 ps/(nm × km) is read from Fig. 5(d) . In a general case, since the FSR is 9.2 nm, one can always find an operating wavelength no more than 4.6 nm (FSR/2) from λ 0 , independent of the specific SSMF used. That implies an upper CD limit of 0.46 nm × 40 km × 4.6 nm × S 0max = 7.8 ps, where S 0max = 0.092 ps/(nm 2 × km) for ITU-T G.652 complaint fibers [20] . The 7.8 ps CD is tolerable for 40 Gb/s bit-stream. In addition, the thermal tuner can be employed to shift the resonance frequencies towards λ 0 at an efficiency of 0.2 nm/mW. By applying the proper tuning power and operating at λ 0 , the CD can be reduced.
One remaining question is the total link budget. While the link presented above has ~52 dB total loss (including 24 dB from four grating couplers) and utilizes two-stage optical amplification, it can be reduced to 27 dB by using low-loss edge coupler [21] (2 dB from two edge couplers, 2 dB on-chip loss, 7 dB bias loss of the modulator, and 16 dB from 40 km fiber). It can well fit into links with 6dBm laser input, −10 dBm receiver sensitivity and a moderate optical amplification (>11dB).
Conclusion
We report an O-band modulator based on silicon microring devices. The modulator operates at 40 Gb/s and achieves 6.2 dB ER under 4.8 V pp drive and 7 dB insertion loss. 40 Gb/s NRZ-OOK transmission is demonstrated through 40 km SSMF with minimal degradation, making the modulator suitable for high-throughput short-haul O-band OOK links.
